ABSTRACT This study shows that environmental confinement strongly affects the activation of nonlinear reaction networks, such as blood coagulation (clotting), by small quantities of activators. Blood coagulation is sensitive to the local concentration of soluble activators, initiating only when the activators surpass a threshold concentration, and therefore is regulated by mass transport phenomena such as flow and diffusion. Here, diffusion was limited by decreasing the size of microfluidic chambers, and it was found that microparticles carrying either the classical stimulus, tissue factor, or a bacterial stimulus, Bacillus cereus, initiated coagulation of human platelet-poor plasma only when confined. A simple analytical argument and numerical model were used to describe the mechanism for this phenomenon: confinement causes diffusible activators to accumulate locally and surpass the threshold concentration. To interpret the results, a dimensionless confinement number, Cn, was used to describe whether a stimulus was confined, and a Damkö hler number, Da 2
INTRODUCTION
This work demonstrates that the reactivity of a nonlinear complex biological system, blood coagulation, can be regulated in the absence of convection by confining the diffusion of active factors. Confinement has been considered in many contexts, including chemical synthesis (1, 2) , enzymatic reactions (3), restricted diffusion through complex media (4, 5) , protein folding (6) , cell culturing (7, 8) , cell motion (9) , and quorum sensing (10) (11) (12) (13) (14) . Here, we investigate the hypothesis that environmental confinement of a subthreshold patch can cause activated factors to accumulate locally above a threshold value and initiate a threshold-limited process ( Fig. 1 ), whereas for a subthreshold patch in an unconfined condition, no response is generated.
We utilized the reaction network of coagulation (blood clotting) to test the effect of confinement because initiation of coagulation shows a number of spatial effects, such as sensitivity to size and shape of an initiating surface patch (15) (16) (17) and sensitivity to diffusion and flow (18) (19) (20) (21) (22) of blood near the patch. These effects are expected based on the nonlinearity of the network-specifically, the threshold that regulates initiation of coagulation (23, 24) . One example of such a spatial effect is the recent discovery that coagulation can be initiated by several species of bacteria in the Bacillus genus via a ''quorum acting'' mechanism (16) . The quorum acting mechanism is parallel to quorum sensing but without a change in bacterial gene expression (16) .
We hypothesized that bacteria also could initiate coagulation by a second mechanism that we refer to as ''diffusion acting'', which is parallel to diffusion sensing. Bacteria use diffusion sensing to detect conditions in the environment of limited mass transfer of secreted signaling molecules suitable for the onset of gene expression (11) . In diffusion acting, a sufficiently limited mass transfer of active factors, such as those produced by bacteria, leads directly to coagulation without requiring a change in gene expression. Confinement (i.e., enclosing the source of diffusing molecules within a boundary that these molecules cannot cross) is a simple way to limit mass transfer. Diffusion acting by bacteria is a specific example of the more general effect of environmental confinement on nonlinear systems with threshold kinetics.
First, we tested in general whether confinement could affect the outcome of coagulation, by using microfluidics to confine microparticles carrying a classical stimulus, tissue factor (TF). Next, we specifically tested whether diffusion acting could affect the outcome of coagulation, by using microfluidics to confine gel microdroplets (GMDs) containing bacteria. In both cases, stimuli in a confined environment induced coagulation in human plasma, whereas no response was observed in an unconfined condition. We present a simple analytical model based on attaining a threshold concentration of activator to describe this effect. This model uses a dimensionless confinement number, Cn, to describe whether a stimulus is confined, and a Damköhler number, Da 2 , to describe whether a subthreshold stimulus can initiate coagulation. We tested the model by using numerical simulations of blood coagulation to assess the outcome and timescale of coagulation over a subthreshold stimulus in confined environments.
MATERIALS AND METHODS
Details about the materials and methods used in this study can be found in the Supporting Material.
RESULTS

Confinement regulates initiation of coagulation by TF-carrying beads
First, we tested whether confinement of activators produced by a well-understood trigger of coagulation, TF (25, 26) , could initiate clotting of human normal pooled plasma (Fig. 2) . Corn trypsin inhibitor was added to the platelet poor plasma to inhibit the factor XII pathway of coagulation. TF-coated magnetic silica microparticles (''TF-carrying beads'') were loaded into a microfluidic system containing channels of different sizes (Fig. 2 A) , and then plasma was loaded. In the absence of flow, initiation of coagulation was monitored by using a fluorogenic substrate for thrombin (15) (see Materials and Methods in the Supporting Material) and confirmed by using bright-field illumination to observe formation of fibrin under a confocal microscope.
We found that small TF-carrying beads did not initiate clotting of human normal pooled plasma for >40 min when they were in a less confining space (160 Â 160 mm 2 channels; Fig. 2 B) , even when the beads were located close to a wall. However, equal-sized or even slightly smaller TFcarrying beads initiated clotting in <10 min when trapped in a tightly confining space (10 Â 10 mm 2 channels, N ¼ 5 beads in two separate experiments, p < 0.001; Fig. 2 C and Fig. S1 ). This result indicates that TF-carrying beads smaller than threshold size did not initiate coagulation in a less confined environment, but did initiate coagulation when they were highly confined in a space with limited diffusion. Coagulation of human plasma is a complex process that has been shown to exhibit a threshold response (on and off) to the concentration of soluble active coagulation factors such as thrombin (24) . We hypothesized that the observed response to confinement was due to accumulation of soluble active factors, but it was possible that unknown interactions between the plasma and the device also played a role. To exclude this possibility, we tested whether the response to confinement could be predicted by a numerical simulation of TF-initiated blood clotting, using a set of 40 rate equations describing enzyme kinetics and stoichiometric inhibition in FIGURE 1 Confinement of activator-producing stimuli turns on initiation of blood coagulation. The schematic drawing shows that confinement locally concentrates activators (pink) released by a stimulus (red). In the more confined channel, the local concentration of activators is above a threshold concentration, so the signal is amplified and the system presents a response (blue). In the less-confined large channel, diffusion outcompetes accumulation of activators, and no response is generated.
Biophysical Journal 97(8) 2137-2145 blood coagulation without surface interactions (16, 27, 28) (see Materials and Methods in the Supporting Material). We used a simulation with geometry similar to that of the experimental microfluidic device and simulated the response of plasma to small regions, or patches, of 1 nM TF in either 10 mm or 160 mm wide channels (Fig. 3) . This simulation was conducted in two-dimensional (2D) space to reduce computational demands. The clot time was defined as the time at which fibrin reached half of its maximum concentration (i.e., at 4.15 mM fibrin). As predicted, patches of TF initiated the coagulation network quickly (~8 min) in confining channels, but not in the less confining channels (>60 min; see Supporting Material). This finding agrees with the experimental results ( Fig. 2) and confirms that coagulation kinetics and spatial constraints alone are sufficient to achieve the confinement effect.
A simple analytical model describes the response of initiation of coagulation to confinement of activators in numerical simulations
To understand the role of confinement, we considered the competition between production and diffusion of coagulation factors over a TF-carrying bead. In a previous study (15) using patches of TF patterned on an inert surface, we showed that for all patches above a critical size, , the observed clot time in a uniform system containing a stimulus such as TF. CT decreases as the concentration of stimulus increases. t remove is the timescale of removal of activator from the patch, which is obtained by adding in parallel the timescales of diffusion from the center to the edge of the patch,
2 /2n f D, and convection past the patch, t conv . Here, l [m] is the length of the patch or bead (''patch size''); and n f is the number of dimensions in which diffusion occurs freely, i.e., without running into a wall. Clotting occurs when the reaction is faster than the removal, i.e., when Da > 1. We define the specific case of the Damköhler number, Da 1 , for an unconfined patch as follows:
For a patch of TF on a surface, as the patch size increases past P crit , the observed clot time converges quickly to T R (15), which may be slightly greater than CT due to diffusive loss of activator upward and away from the surface. The exact form of t conv depends on the geometry and characteristics of the system, but t conv describes the residence time of the activator over the patch and thus increases with l. For example, for activators distributed throughout the solution, t conv~l /U, where U [m/s] is the average rate of fluid flow through the channel. For activators emanating from the surface of a large channel (diameter > 100 mm), a more appropriate description may be t conv~l /k c , where k c [m/s] is the local mass transfer coefficient in a thin reactive boundary layer atop the surface and depends on the shear rate at the wall (18, 19, 23) . In this study, all experiments and most simulations were conducted without flow (U ¼ 0) to focus on the simplest case of the Damköhler number. The potential effects of convective flow are considered in the Discussion. For patches below the critical size (''subthreshold'' patches), clotting does not occur in unconfined systems because diffusion rapidly removes the activated factors (Da 1 < 1). However, in a confined volume, the factors may accumulate quickly without being inhibited and eventually reach the threshold concentration ( Fig. 1) . Because plasma definitely clots if the average concentration of activator throughout its volume is greater than C crit (24) , the clot time, t clot [s], was defined as the time required for the average concentration of activator (thrombin) to reach C crit . We treated a patch or bead containing a stimulus as a continuous and constant source of activator in a chamber of finite volume V c [m 3 ]. For example, we assumed that TF serves as a continuous source of factor Xa (29) , and that bacteria serve as a continuous source of factors Xa and thrombin (factor IIa) (16) . The patch, or bead, contains the stimulus (TF) and produces activator in a volume V p [m 3 ], where V c > V p , at a constant net rate, 1/CT. We assumed that all activators are diffusible and do not bind to surfaces. The potential effects of surface binding are considered in the Discussion. The amount of activator required to reach the threshold concentration in the chamber was divided by its net rate of production by the patch to obtain t clot for the confined patch:
More information about this equation and its derivation are included in the Supporting Material. In the special case of radially symmetric chambers and patches with radii R and r, respectively, the volume ratio V c /V p can be simplified to the ratio (R/r) 3 for spheres, or (R/r) 2 for long cylinders and 2D circles. The simple expression in Eq. 1 reveals that for subthreshold patches in confining chambers, the activator created by the patch is essentially diluted by a factor of V c /V p , which slows accumulation toward the critical concentration.
To test whether Eq. 1 holds for blood coagulation, we used the numerical simulation for coagulation described above to examine the relationship between t clot , the volume ratio V c /V p , and CT in quasi-3D space. A spherical patch of TF, with radius r, was centered inside a spherical chamber of plasma, with radius R (Fig. 4) . We systematically varied each term in Eq. 1 (see Materials and Methods) and measured the clot time t clot for each simulation (Table S1) . t clot was defined as the time when the average concentration of thrombin reached C crit . For this numerical model, C crit ¼ 10.6 nM thrombin (see Materials and Methods). The results of the simulations were plotted as the ratio t clot /CT, which scaled linearly with the volume ratio R 3 /r 3 in the tested range, as predicted by the equation (Fig. 4) . A single point did not fall on the scaling line for the quasi-3D simulation; this point had the lowest tested concentration of TF (5 pM; see Discussion). This experiment was also conducted in a 2D space (circular patch in circular chamber) and it again showed a linear relationship between t clot /CT and R 2 /r 2 (Table S2 and Fig. S2 ), with all points falling on the line in the tested range. These results confirm that the coagulation time over a well-confined ''subthreshold'' patch of TF can be predicted from the clot time of an above-threshold patch scaled by a dilution factor.
Dimensionless numbers Cn and Da 2 describe confinement and the outcome of coagulation over subthreshold patches when tested by numerical simulations Equation 1 describes the scaling of the clot time when a subthreshold patch is confined in all three dimensions, such as inside a spherical chamber. In this case there is no removal of activators from the chamber, so accumulating factors must eventually reach the threshold concentration and initiate clotting (assuming the net reaction is for production, not consumption, of activators). A more realistic scenario is of a patch that is confined in fewer than three dimensions, such as inside an open cylinder or between two parallel plates. In this case, some activator may be removed by diffusion or convective flow. We expect that confinement can still play a role in open systems, provided that 1), the walls are close enough to cause local accumulation of activators around the patch; and 2), this accumulation occurs faster than removal in the unconfined dimensions. A patch is considered confined if the activators accumulate locally. To determine whether this accumulation occurs for a particular geometry and rate of removal, we compare the timescale of diffusion to the wall in one dimension, t wall ¼ (x 2 /2D), to the timescale of removal in the free (wall-less) dimensions by diffusion or convective flow, t remove . Here, x [m] is the distance from the edge of the patch to the wall; for radially symmetric systems, x ¼ R À r. We refer to the dimensionless ratio t wall /t remove as the FIGURE 
Þ. The system is confined for Cn < 1, i.e., if diffusible activators accumulate because they reach the wall in much less time than it takes to remove them (t wall < t remove ). Cn can be determined separately for each dimension that has a wall. For a closed chamber, n f ¼ 0 and convective loss is prevented, so activators cannot be removed from the chamber (i.e., t remove / infinity) and Cn ¼ 0. This is complete confinement (see Supporting
A subthreshold patch (Da 1 < 1) that is confined (Cn << 1) in at least one dimension will initiate clotting if (and only if) accumulating activators reach the threshold concentration inside the chamber. To determine whether the threshold is reached over a subthreshold patch for a particular geometry, rate of removal, and rate of reaction, we compare the timescale of removal, t remove , to the combined timescales of accumulation due to reaction and spatial confinement, t accum þ t wall . t accum ¼ CT Â (V c /V p ) nw is the time needed for activators that are released by the patch and diluted into the chamber to reach the threshold concentration. The term (V c / V p ) nw describes the volume ratio of the chamber to the patch with respect to n w , the number of dimensions in which diffusion is bounded by a confining wall (a wall having Cn < 1). The dimensionless ratio t remove /(t accum þ t wall ) predicts whether a subthreshold patch can initiate clotting, and is a specific case of the Damköhler number, Da 2 , where
Á . Clotting should occur for Da 2 > 1, i.e., if diffusible activators reach the wall and accumulate to the threshold in less time than it takes to remove them. Da 2 is defined only for patches that are subthreshold (Da 1 < 1). A system of diffusible activators with Da 2 >> 1 is expected to clot with t clot~taccum þ t wall . For all conditions that were simulated in this work, which used CT > 30 s, the diffusible activators reached the wall much more quickly than they accumulated to the threshold (t wall % 1% of t accum ); however, for a fast reaction, such as CT~2 s, this relationship could reverse. Regardless, t wall and t accum always occur sequentially, because significant accumulation cannot begin over a subthreshold patch until the activators have reached the confining walls. A subthreshold patch with Cn >>1 has Da 2 << 1; simply stated, a subthreshold patch cannot initiate coagulation when it is unconfined.
We tested whether the Damköhler number Da 2 could accurately predict the outcome of confined subthreshold patches of tissue factor in open chambers by using a numerical simulation. The simulations described in Fig. 4 , which used a spherical chamber (n w ¼ 3, n f ¼ 0), fall into the category of Cn ¼ 0 (complete confinement) and Da 2 ¼ infinity (guaranteed to clot, assuming constant net production of factors). To examine whether there is a critical Da 2 below which clotting does not occur, we used a quasi-3D geometry consisting of a long cylindrical patch of radius r centered inside an open-ended cylindrical chamber of radius R, with no flow (i.e., t remove ¼ t diff ). Parameters were chosen to maintain Cn << 1, i.e., the patch was well-confined in every case. In this geometry, n w ¼ 2, n f ¼ 1, and (V c /V p ) nw ¼ R 2 /r 2 , the ratio of the cross-sectional areas of the chamber and the patch. For simplicity, we varied R and r, held constant l ¼ 500 mm and CT ¼ 152 s ([TF] ¼ 20 pM), and measured the clot time for each case (Table S3 ). As stated above, these experimental conditions give t wall << t accum , so Da 2 was simplified to
. As predicted, clotting occurred only for Da 2 greater than a critical value, Da 2 * (Fig. 5) . In these simulations, we found that 0.142 < Da 2 * < 0.149 (Fig. 5 ). These results demonstrate that Da 2 describes whether or not clotting will occur over a confined subthreshold patch.
Confinement can induce clotting in the presence of slow flow
Fluid flow increases the rate of removal of activators from the region over the patch (decreasing t remove ). We tested whether confinement could induce clotting on subthreshold patches in the presence of flow by using a numerical simulation. We used a quasi-3D geometry consisting of two parallel plates separated by a distance R, with a linear patch of TF on the bottom plate perpendicular to the direction of flow (Fig. 6) . The patch was 200 mm wide and contained FIGURE 5 Numerical simulations of a cylindrical patch of TF of radius r centered in a cylindrical chamber of plasma of radius R show that the outcome, in terms of coagulation, of confinement of simulated subthreshold patches of TF depends on the Damköhler number Da 2 , as defined in the text. Da 2 was varied by varying R and r. An outcome of one indicates clotting, and an outcome of zero indicates no clotting for >30,000 s. The critical Da 2 was~0.145 for this system. The dotted line between points is a guide to the eye. The quasi-3D geometry is drawn schematically on the left.
Biophysical Journal 97(8) 2137-2145 300 pM TF. Simulated plasma flowed between plates with a low shear rate of 1 s À1 at the wall. At this shear rate in a large chamber with R ¼ 100 mm, the patch did not initiate clotting within 1 h (Fig. 6, C) . When confined at the same shear rate in a chamber with R ¼ 10 mm, the patch rapidly initiated clotting (Fig. 6, D) . The maximum concentration of active thrombin in the chamber reached C crit in 132 s, after which the total (free and bound) thrombin concentration increased to its steady-state value, 1.4 mM. This result demonstrates that confinement can induce clotting over subthreshold patches in the presence of flow, as predicted by the analysis above. However, confinement should play a role only if the timescales t wall and t conv are similar, i.e., Gz ¼ t wall /t conv~1 or less. Because Gz ¼ Pe x/l (30), this suggests that the flow rates and Pe must be low for confinement to have an effect. Here, the confining chamber had Pe ¼ 0.17 and Gz ¼ 0.01.
Confinement regulates the initiation of blood coagulation by bacteria GMDs
Having tested and described the initiation of coagulation by TF in confined volumes, we then tested the hypothesis that confinement of bacteria could lead to coagulation of plasma in vitro. In a previous work (16) we showed that Bacillus cereus releases proteases that activate both prothrombin and factor X, and that coagulation is initiated when the size of the patches of B. cereus is above threshold. Here, we tested whether a subthreshold cluster of B. cereus could also initiate coagulation by limiting the mass transfer of active factors using confinement. In these experiments, we placed human platelet-poor plasma with subthreshold-sized GMDs carrying B. cereus (''bacteria GMDs'') in large microfluidic chambers (diameter: 9 mm; height: 1 mm) and in small microfluidic channels (40 Â 40 mm 2 ; Fig. 7 ) (see Materials and Methods for details). In the less-confining microfluidic chambers, active factors generated by individual bacteria GMDs were constantly removed by diffusion, and bacteria GMDs did not initiate coagulation for >20 min (Fig. 7 A) ; however, placing similarly-sized individual bacteria GMDs in confining microfluidic channels decreased the clot time to <10 min (N ¼ 3 beads in three separate experiments, p < 0.05; Fig. 7 B) . This result indicates that confining microfluidic channels limit the mass transfer of active factors generated by bacteria GMDs and allow active factors to accumulate locally above the threshold concentration to initiate blood coagulation.
DISCUSSION
These results show that local confinement of a small amount of stimulus, such as TF or clot-inducing bacteria, can dramatically alter the outcome of coagulation, a nonlinear reaction network with threshold kinetics. Small beads carrying the stimulus rapidly initiated coagulation when confined, whereas there was no response to the unconfined beads. In the context of coagulation, the stimuli interact with the blood plasma to produce diffusible activators such as thrombin. These results demonstrate that a simple physical phenomenon, accumulation of activators due to environmental confinement, can have nontrivial consequences when applied to a reaction system with threshold kinetics. We used simple analytical arguments to predict the timescale of reaction in a completely confined system, and defined dimensionless ratios that described whether a patch of stimulus was confined, Cn, and whether a subthreshold patch could initiate clotting, Da 2 . These arguments were supported by numerical simulations of blood coagulation, in which the effects of confinement were robust to geometry, dimensionality, and the presence of flow. The arguments are general enough to apply to any system that is regulated by a threshold concentration of diffusible or transportable activators. Furthermore, this mechanism of local accumulation in a confining environment can specifically describe a means by which small quantities of bacteria can initiate clotting, which we refer to as ''diffusion acting''. Diffusion acting is distinct from ''diffusion sensing'' as previously described (10), because it does not require a change in gene expression.
The experimental results presented here were characterized in the absence of shear flow or mixing. It was previously demonstrated that shear flow and mixing can affect the outcome of nonlinear networks (31), including blood coagulation (20, 21, 24) , by regulating the Damköhler number. This occurs because shear flow, mixing, and confinement all affect the concentration profile of activators, and coagulation occurs only if the local concentration of active factors is above a threshold value. Shear flow and mixing decrease the local concentration of factors by diluting them away, whereas confinement increases the local concentration. In capillaries where the Peclet number (Pe) can be considerably low (Pe < 10) (32), and in pathological conditions of blood stasis (negligible flow) (33) , confinement is expected to have a more significant effect on blood coagulation. The equation for Da 2 derived here predicts that clotting can occur on a subthreshold patch in the presence of flow, as long as the geometry is sufficiently confined that the activators will accumulate locally above the threshold level. This prediction was upheld by numerical simulations using a low shear rate (Fig. 6 ). Experiments to test this prediction for blood coagulation and for other threshold-controlled systems would be informative but are beyond the scope of this study. Accumulation during flow requires a Gz (which is equal to t wall /t conv ) of~1 or less, leading to a requirement of low Pe for confinement to have an effect.
In the context of blood coagulation, it remains to be tested in vivo whether small clusters of bacteria can induce coagulation (e.g., as in microvascular thrombosis in sepsis and associated disseminated intravascular coagulation (34)) via ''diffusion acting'' as they move from larger vessels into confined spaces such as capillaries or venous valves, and whether this mechanism plays a role in bacterial virulence. This mechanism would be rapid, as it relies on molecules already being presented on the surface of or being secreted by the bacteria, and it does not require induction of protein synthesis or secretion. It also remains to be tested whether coagulation can be initiated in vivo by confinement of other stimuli as well, such as soluble TF (35) , microparticles carrying tissue factor (26) , or blood-borne objects producing activators of clotting (e.g., clusters of platelets). In some cases, local accumulation of active factors could be further enhanced if particles or clusters in confined spaces manage to obstruct the flow of fluid through that space.
In coagulation, surface-bound inhibitors are more effective in capillaries and smaller blood vessels than in large vessels (36) because of the increased surface/volume ratio. Although surface-bound inhibitors were not included in this study, we predict that confinement may affect the initiation of reaction networks, such as coagulation, even in the presence of surface-bound inhibitors. As the radius, R, of a vessel decreases, the rate of inhibition should increase with the surface/volume ratio (~1/R) while the rate of accumulation of factors due to confinement of a cluster or particle of constant size increases with 1/volume (~1/R 3 for a 3D volume and~1/R 2 for a long cylinder). Therefore, at least in this simplistic analysis, as the volume decreases, the effect of confinement should increase more rapidly than the effect of surface-bound inhibitors. This prediction remains to be tested.
The analytical arguments presented in Eq. 1 and in the equations for Cn and Da 2 describe any event that is regulated by a threshold concentration. To generalize, the term t clot may be replaced by t crit , defined as the time to reach the critical concentration of the appropriate activator in a confined system. Similarly, CT may be replaced by t crit,uniform , the time required to reach the critical concentration in a uniform system. Uniformity refers to any scenario in which the patch fills an infinite volume or the patch is the same size as the surrounding chamber (V p ¼ V c ). If necessary, a surface patch that is above the critical size (l >> P crit ) may be used, although CT may be slightly extended by diffusion away from the surface. Thus the general case of Eq. 1 is t crit ¼ t crit,uniform V c /V p ; Cn remains unchanged, and Da 1 and Da 2 change only by replacing the term CT with t crit,uniform . Restricting diffusion by confinement should affect any biological process that depends on soluble activators or signals, as long as their source is below the system's critical size.
There are limitations to the predictions one can make by using these analytical arguments, and the analytical model used here is too simplistic to capture all of the nuanced behavior of the complex network of blood coagulation. For example, Eq. 1 predicts a line of slope 1 for the plot of t clot /CT versus V c /V p , but the data from the 3D numerical simulation fell on a line of slope 0.70, indicating that clotting occurred more rapidly than predicted (Fig. 4) . Similarly, the critical Da 2 * is predicted to be 1, but the simulated critical value was~0.14, indicating that clotting occurred at slightly less confined geometries than predicted (Fig. 5) . One
Biophysical Journal 97(8) 2137-2145 assumption in the model is that all activators are uniformly distributed throughout the chamber by the time clotting occurs. This does not accurately describe systems that include surface binding of species that are involved in positive feedback loops, or systems in which the time to reach the wall (t wall ) is comparable to the time to accumulate to the threshold (t accum ). In the numerical model for blood coagulation used here, the primary autocatalytic species, thrombin, is indeed uniformly distributed on the timescale of clotting in chambers with R < 100 mm (Fig. S3 and Supporting Material). However, another factor involved in the feedback loop, factor Xa, spends some time bound to TF instead of freely diffusing. Factor Xa thus remains more concentrated over the patch (Fig. S3) and may be better able to catalyze the clotting process because of the spatial nonuniformity of the system (24) .
An additional assumption is that the patch produces activators at a constant net rate, 1/CT, which incorporates the rates of both production and inhibition. One limitation of this assumption is that it cannot describe systems in which the rate of production of activator by the patch (averaged over the chamber volume) is less than the rate of inhibition of activator by the plasma. Specifically, the analytical model does not accommodate a critical volume ratio V c /V p above which clotting does not occur. A critical volume ratio is likely to exist, since large chambers (large V c /V p ) and slow rates of production (low [TF] ) are unlikely to initiate clotting. A full description of this phenomenon would require separation of the timescales of production and inhibition, which is beyond the scope of this study. Previous work with unconfined patches has shown that the clot time, t clot , increases nonlinearly as the patch size approaches a critical value. We expect that confined subthreshold patches should behave similarly, with t clot increasing nonlinearly as V c /V p approaches a critical value. This may have occurred for the point that did not fall on the line in Fig. 4 , which with 5 pM TF had the slowest tested rate of production of activators and thus should have the lowest critical value of V c /V p . This hypothesis remains untested.
In vitro experiments are commonly used to reproduce or understand in vivo phenomena. Microfluidic experiments using droplets (37) (38) (39) (40) (41) (42) (43) or small chambers (7) (8) (9) 14, 44, 45) are increasingly being used to recreate confining environments for cells in vitro. An in vitro system can make better predictions if it replicates the degree of cellular confinement that is found in vivo, to maintain the local concentration of activators or signaling molecules (7, 8) The arguments presented here may be extended to such systems, with the most significant effects expected for systems that are controlled by thresholds. For example, Eq. 1 predicts that the in vitro reaction time (t crit ) can match the in vivo reaction time (t crit,uniform ) only if the ratio of the volume of the patch of stimulus to the volume of the chamber, V c /V p , is the same both in vivo and in vitro. In vivo, the ''confining'' environment consists of the interior of small vessels or the space between neighboring cells in the tissue. For confluent (touching) cells in vivo, V c /V p is~1. Recreating this 3D confined environment in cell culture requires a modification of traditional culture methods, such as by capping the culture environment to prevent loss of signals to the bulk medium over the cells (46) . Of course, surface-driven processes, such as active uptake of signaling molecules, would require further modification of the cell culture system. Microfluidic tools may become useful for understanding the effects of confinement in these systems.
Environmental confinement is an important aspect to understand when considering the regulation of biological reactions. Confinement and thus ''diffusion acting'' may arise for a source of diffusing molecules when 1), the environment around the source is reduced in dimension; or 2), the source moves from an open environment to a confined environment. Systems with responses that are more nonlinear, such as those with thresholds, should be more drastically affected by confinement. Thresholds abound in physiology, including those seen in blood coagulation (23, 47) and activation thresholds in the immune system (48), so we expect confinement to play a role in many contexts.
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